Study Objectives: To analyze the temporal organization of the sleep-wake cycle under food entrainment in the rat. Methods: Eighteen male Sprague-Dawley rats were chronically implanted for polysomnographic recording. During the baseline (BL) protocol, rats were recorded under a 12:12 light-dark (LD) schedule in individual isolation chambers with food and water ad libitum. Food entrainment was performed by means of a 4-h food restriction (FR) protocol starting at photic zeitgeber time 5. Eight animals underwent a 3-h phase advance of the FR protocol (A-FR). We compared the mean curves and acrophases of wakefulness, NREM sleep, and REM sleep under photic and food entrainment and after a phase advance in scheduled food delivery. We further evaluated the dynamics of REM sleep homeostasis and the NREM sleep EEG delta wave profile. Results: A prominent food-anticipatory arousal interval was observed after nine or more days of FR, characterized by increased wakefulness and suppression of REM sleep propensity and dampening of NREM sleep EEG delta activity. REM sleep exhibited a robust nocturnal phase preference under FR that was not explained by a nocturnal REM sleep rebound. The mean curve of sleep-wake states and NREM sleep EEG delta activity remained phase-locked to the timing of meals during the A-FR protocol. Conclusions: Our results support the hypothesis that under food entrainment, the sleep-wake cycle is coupled to a food-entrainable oscillator (FEO). Our findings suggest an unexpected interaction between FEO output and NREM sleep EEG delta activity generators.
INTRODUCTION
Growing evidence supports reciprocal control between sleep and metabolic regulation processes, given that the functional maps of sleep-wake state generators overlap those of neural processes controlling appetite, hunger, and energy storage. 1 Obesity and metabolic imbalances are associated with significant modifications in the architecture of the sleep-wake cycle, 2 and chronic and acute sleep deprivation provoke considerable metabolic changes. [3] [4] [5] Circadian rhythms, whose molecular machineries interact with energy-sensing molecules, 6 directly modulate the timing of sleep-wake states and neuroendocrine mechanisms involved in energy homeostasis. [7] [8] [9] Although the pivotal role of circadian processes in connecting sleep and metabolism is clear, little is known about the role of circadian processes entrained by an eat-fast cycle in modulating the timing of sleep-wake states.
Studies carried out in nocturnal and crepuscular rodents subjected to regular 24-hour eat-fast cycles with food restriction protocols have identified systematic phase adjustments in the rest-activity rhythm. 10, 11 Typically, a consistent foodanticipatory activity (FAA) interval emerges after 5-7 days of scheduled feeding, consisting of an intense bout of locomotor activity 2-3 hours prior to the timed food delivery. Because the FAA phenomenon complies with canonical circadian properties, it is considered a reliable marker of a food-entrainable oscillator (FEO). 12, 13 The anatomical substrate of the FEO is still undetermined, although it is presumed to be a distributed network of oscillators 14, 15 located outside the light-entrainable circadian clock of the hypothalamic suprachiasmatic nucleus. 16 The strength of the FEO has been demonstrated by the phase adjustment of most of the peripheral circadian oscillators and several overt rhythms to scheduled eat-fast cycles. 13, 17 The temporal organization of the sleep-wake cycle under photic entrainment has been extensively studied, described, and modeled in humans and in animal models. 18 A circadian process generated in the suprachiasmatic hypothalamic light-entrainable oscillator (LEO) modulates the activity of sleep-wake state generators. 18, 19, 20 Current models also include hourglass or homeostatic mechanisms that contribute to the consolidation of sleep states and maintenance of stable daily quotas of non-REM (NREM) sleep and REM sleep. [21] [22] [23] [24] [25] In the present study, we evaluate the hypothesis that the rat sleepwake cycle is coupled to the FEO under food entrainment, by analyzing the temporal profile of the sleep-wake cycle and the distribution of acrophases for each state under two stable food entrainment protocols.
METHODS
Experiments complied with American Physiological Society policies and were supervised by the Bioethics Committee of the Faculty of Medicine, University of Chile. Eighteen male Sprague-Dawley rats weighing 250-300 grams were kept in individual cages under a 12:12 LD schedule, at an ambient temperature of 21-24ºC, with unlimited access to food and water Briefly, wakefulness was identified by the presence of desynchronized EEG and phasic EMG activity. NREM sleep corresponded to epochs with high-amplitude slow wave (1-4 Hz) EEG activity accompanied by sleep spindles (10-15 Hz) and low neck muscle tonus. REM sleep was identified by the presence of sustained theta (6-9 Hz) activity coupled with neck muscle atonia.
Analysis of NREM Sleep EEG Delta Activity
EEG analyses were performed in Igor Pro V6.3. Using FFT, a spectrogram (15-s time resolution) was obtained from the EEG channel. Delta activity was computed from the spectrogram as the integrated delta power (0.5-4 Hz) for each 15-s epoch. Every epoch had been previously scored as wakefulness, NREM sleep, or REM sleep. To avoid the effect of sleep fragmentation on NREM sleep EEG delta activity, only NREM sleep episodes lasting ≥ 2 min (8 epochs) were considered. The hypnogram was smoothed thereafter to incorporate isolated epochs of wakefulness or REM sleep separating 2 consolidated (2-min) NREM sleep episodes. The delta power of isolated wake or REM sleep epochs was excluded from computation. Finally, first and last epochs of the train of successive consolidated NREM sleep episodes were also eliminated from computation. The resulting daily fluctuation vector (24 values) for NREM sleep delta power was normalized (z-scored: mean = 0, SD = 1) for comparison among the experimental animals. The average and standard deviation of this vector was then computed for the BL and FR conditions.
Experimental Design
Eighteen animals were successively subjected to baseline (BL) and scheduled food-restriction protocols (FR). A subset of 8 animals completed a subsequent experiment with a phase advance in the scheduled food restriction (A-FR). The same LD schedule was maintained throughout the study. Hours are denominated either according to the photic zeitgeber time (ZT) or feeding time (FT), as appropriate. ZT 0 corresponds to the first hour after lights-on, and FT 0 to the first hour of food exposure under scheduled feeding conditions. When we refer to a given hour, we mean the 1-h interval that starts at that time, e.g., "ZT 6" refers to the interval from 6:00-6:59. Equivalently, a 2-h block corresponds to the 2-h interval starting at the designated ZT.
Under BL conditions, food was available ad libitum. The BL protocol was performed until at least 3 days of optimal recording were completed. Thereafter, a 4-h FR protocol was imposed. A daily quota of 40 g of rat food (LabDiet 5P00, Prolab RMH3000) was delivered at ZT 5 and withdrawn at ZT 8:59. The rat food intake was estimated daily as the weight difference in grams between the offered and withdrawn food. The FR protocol lasted for 12 days (Figure 1) , and sleep records were obtained during the final 3 days. To determine the timing of the food-anticipatory activity (FAA) onset, the first 7 animals of the sample were continuously recorded starting at BL. FAA was estimated by visual inspection of the temporal distribution of the highest tercile of EMG levels in the double plot ( Figure 1A ). All 7 animals showed FAA within the first week of FR. To prevent damage to the electrode implants from mechanical stress during prolonged continuous recordings, the remaining 11 animals of the sample were disconnected after BL recording and reconnected at the ninth day of FR until at least 3 days of optimal recordings under the FR protocol were obtained.
After completing the FR condition, the feeding window was phase-advanced by 3 h (A-FR condition). Under the A-FR condition, 40 g of rat food were delivered at ZT 2 and withdrawn at ZT 5:59. Animals were reconnected after the ninth day of A-FR and recorded for at least 3 days ( Figure 1B ). Sleep data were obtained for the 8 animals that completed a 12-day A-FR period with optimal polysomnographic records.
Data Analysis and Statistics
Statistical analysis was carried out using Intercooled Stata 9.2 for Windows (StataCorp, College Station, TX), and circular statistics were performed on custom-made spreadsheets in accordance with procedures described in the literature. 27 Amounts of wakefulness, NREM, and REM sleep correspond to the number of 15-s epochs observed at the corresponding time-window, expressed in minutes. The REM/ TST ratio was expressed as a percentage. REM sleep debt corresponds to the difference between the cumulative amount of REM sleep observed during the given experimental interval and the cumulative amount of REM sleep during the corresponding baseline interval. REM sleep transitions correspond to the number of NREM-to-REM sleep transitions during the given recording period. Long REM sleep episodes were defi ned by a duration threshold set at the limit of the secondand third-longest terciles of the individual pool of REM sleep episodes obtained under baseline conditions. Long REMsleep episodes averaged 2.8 min. The REM sleep transition index corresponds to the frequency of NREM-to-REM sleep transitions, expressed as events per 10 min of NREM sleep. 29 The consolidation rate corresponds to the long REM sleep episode incidence over total number of REM sleep transitions for a given interval, expressed as percentage. 24, 30 Mean curves for BL and FR variables were obtained by averaging 2 baseline or food-restriction days per rat at the corresponding time resolution. A minimum of 10% NREM sleep per recording interval was required for REM/ TST and REM sleep transition index estimations, and at least one NREM-to-REM sleep transition was required for consolidation rate estimations. Sleep-wake state acrophases were estimated using mean angle calculation as described by Zar. 28 For the NREM sleep EEG delta power analysis, only NREM sleep episodes longer than 8 consecutive 15-s epochs (2 min) were considered. If a NREM sleep episode was interrupted by a single 15-s epoch of another state, that epoch was omitted and the episode was considered as one event. Epochs with transitions between NREM sleep and other states were eliminated from the analysis.
Mean curves for the sleep-wake state variables were subjected to a two-way repeated-measures analysis of variance (rmANOVA) with factors "zeitgeber time" or "feeding time" and "feeding schedule." One-way rmANOVA was used to analyze REM sleep debt for the factor "zeitgeber time." P values for the rmANOVAs are presented with Huynh-Feldt correction. Two-tailed paired t-tests were performed as post hoc comparisons for significant factors or factor interactions found in rmANOVAs. Holm-Bonferroni correction was applied for paired multiple comparisons. Rayleigh's test was used for each rat to estimate the significance of the mean angles of the sleepwake states. Second-order population mean angles were obtained by pooling significant individual mean angles for the sleep-wake states (Hotelling procedure) for each experimental condition. Second-order parametric tests were performed on population angles.
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RESULTS
Animals were subjected to a 4-h FR protocol after a baseline recording period with ad libitum feeding. Food entrainment was demonstrated by the emergence of FAA in the 2-to 3-h interval prior to the feeding interval, as shown in the EMG raster plot ( Figure 1A ). A robust FAA was clearly present at the end of the first week of the food-restriction protocol, as documented for the 7 animals that were recorded uninterruptedly during BL and FR conditions. Mean curves of EMG activity obtained in the 18 experimental animals demonstrate that, in contrast to the characteristic nocturnal predominance of activity during BL, a 2-h (ZT 3 and ZT 4) anticipatory increment in EMG activity is present under FR and part of the feeding interval (rmANOVA for factors "zeitgeber time"*"feeding schedule" was F23,391 = 26.48, P < 0.001). The nocturnal EMG amplitude under FR remained below BL values ( Figure 1D ). Compared to BL, there was a significant decrease in food intake under late FR and A-FR (one-way ANOVA F2,36 = 45.1, for factor "feeding schedule," post hoc Holm-Bonferroni-corrected paired t-test, P < 0.001) as presented in Figure 1C . No significant increase or decrease in body weight was observed under FR or A-FR conditions ( Figure 1C ).
Sleep-Wake States under FR before the Emergence of FAA
Polysomnographic data obtained from 7 rats during initial FR (days 2-4 after beginning FR, see Figure 1A and 1B), before the emergence of FAA, showed no significant differences vs. BL in total amount of wakefulness (BL vs. initial FR, paired t-test, P = 0.691), NREM sleep (P = 0.950), REM sleep (P = 0.192), or REM/TST ratio (P = 0.210), nor were there any significant differences in light-dark phase distribution of the states (rmANOVA for "phase"*"feeding schedule" interaction: wakefulness F 1,6 = 2.51, P = 0.164; NREM sleep F1,6 = 1.88, P = 0.219; REM sleep F1,6 = 5.16, P = 0.063; REM/ TST ratio F1,6 = 4.53, P = 0.077). The corresponding mean curves for each state revealed no anticipatory phenomena, with significant changes occurring reactively after presentation and retirement of food (ZT 5 and ZT 9 respectively, Figure 2A ). A transient increase in REM sleep at dawn (ZT 23 and ZT 0) was observed. Mean angles under BL and initial FR conditions were ZT 16.6 and ZT 15.3 for wakefulness and ZT 4.5 and ZT 3.2 for NREM sleep, respectively, with no significant differences between conditions for either state (parametric test for paired samples of angles, P < 0.05), as depicted in Figure 2B . The baseline REM sleep mean angle was ZT 6.2, and no significant mean angle was obtained for the initial FR period (F = 1.97, P > 0.05, one-sample second-order Hotelling Test; Figure 2B ). Table 1 summarizes sleep-wake cycle state statistics for the 18 rats under BL and FR protocols after FFA onset. Data correspond to 48-h continuous samples under BL and FR conditions acquired during the final days of the ad libitum (BL) condition and after 9 days of FR ( Figure 1A and 1B). The baseline daily quota of REM sleep was 6.8%, and this amount was not significantly affected by FR (7.3%, paired t-test, P = 0.195). Wakefulness decreased from 51.1% at BL to 45.8% under FR (paired t-test, P = 0.016); conversely, NREM sleep increased from 42.1 to 47% (paired t-test, P = 0.020).
Sleep-Wake Cycle States under Steady-State Food Entrainment
As expected, BL wakefulness showed a nocturnal phase preference (67.1% of total wakefulness), and NREM sleep and REM sleep showed diurnal phase preferences (67.6% and 69% of total amounts of the 2 states, respectively). Under FR, diurnal time in wakefulness increased significantly (rmANOVA for "phase"*"feeding schedule" interaction, F1,17 = 282.8, P < 0.001; BL vs. FR, paired t-test, P < 0.001), and nocturnal wakefulness concurrently decreased by 34% (paired t-test, P < 0.001). As a consequence, there was a loss of diurnal-nocturnal difference (paired t-test, P = 0.186). The amount of nocturnal NREM sleep increased by 70.4% vs. BL (rmANOVA for "phase"*"feeding schedule" interaction, F1,17 = 453.7, P < 0.001; paired t-test, P < 0.001), and diurnal NREM sleep decreased by 17.2% (paired t-test, P < 0.001), also producing a loss of diurnal-nocturnal difference for NREM sleep (paired t-test, P = 0.516). A 109.1% increase in nocturnal REM sleep (rmANOVA for "phase"*"feeding schedule" interaction, F1,17 = 60.3, P < 0.001; BL vs. FR, paired t-test, P < 0.001), associated with a 38.8% decrease in diurnal REM sleep (BL vs. FR, paired t-test, P < 0.001), resulted in an inverted phase preference, with 60.6% of total REM sleep concentrated during the dark phase under FR (D vs. L, paired t-test, P = 0.001). Changes in REMsT (rmANOVA for "phase"*"feeding schedule" interaction, F1,17 = 118.79, P < 0.001) and REMsLE incidence (rmANOVA for "phase"*"feeding schedule" interaction, F1,17 = 49.79, P < 0.001) are consistent with the nocturnal REM sleep preference under FR conditions.
Mean Curves of Sleep-Wake Cycle States under Steady-State Food Entrainment
After the emergence of FAA under scheduled FR, a sharp 277% increase in wakefulness occurred in coincidence with food presentation at ZT 5 (13 vs. 51 minutes during BL and FR conditions, respectively, paired t-test, P < 0.001; rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F23,387 = 22.9, P < 0.001). This increase was preceded by a significant upsurge in wakefulness vs. BL during ZT 3 and ZT 4. Levels higher than BL were also sustained between ZT 7 and ZT 9. During the dark phase, the amount of nocturnal wakefulness remained below 70% of baseline for nearly the entire ZT 12-ZT 23 interval ( Figure 3A ). The timing of wakefulness was mirrored by the timing of NREM sleep (rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F23,387 = 22.1, P < 0.001). Under FR, NREM sleep exhibited a relatively flat profile, interrupted by an early morning peak (ZT 0-ZT 1) followed by 19% and 35.9% drops vs. BL at ZT 3 and ZT 4, respectively, in coincidence with the wakefulness bout prior to food presentation. The amount of NREM sleep remained relatively stable during the ZT6-ZT 23 interval, with values lower than BL during the second half of the light phase and higher than BL during the entire dark phase. The hourly mean curve for REM sleep showed a continuous drop vs. BL during the ZT 3-ZT 9 interval and a nearly continuous increase during the dark phase (rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F23,387 = 13.6, P < 0.001). There were marked 63.6% and 68.1% drops vs. baseline for REM sleep levels during ZT 3 and ZT 4, respectively, in coincidence with the food-anticipatory wakefulness interval.
Circular Distribution of Sleep-Wake Cycle States under SteadyState Food Entrainment
The REM sleep mean angle at BL was at ZT 6.7 (one-sample second-order Hotelling test, F = 40.6, P < 0.0005, Figure 3B ). Under FR, individual mean angles were significant for 17 rats, all clustered within the first half of the dark phase (range ZT 9.1-19.4), with the population REM sleep mean angle at 
displacement of 9.9 hours vs. BL (parametric test for paired samples of angles, F = 67.6, P < 0.001, n = 17). There was a nocturnal phase preference for wakefulness among the 18 animals under BL conditions, with a population mean angle centered at midnight (ZT 17.2, range ZT 15.7-18.6; one-sample second-order Hotelling test, F = 184.9, P < 0.0005). Under FR, 2 animals lost phase preference, with the remaining 16 showing mean angles distributed loosely around midday. The estimated acrophase of wakefulness under FR was ZT 7.73 (range ZT 4.67-12.33; one-sample second-order Hotelling test, F = 29.6, P < 0.001). There was a significant shift in the acrophase for wakefulness under FR vs. BL (parametric test for paired samples of angles, F = 124.2, P < 0.001, n = 16). A diurnal NREM sleep phase preference was observed under BL conditions (acrophase at ZT 4.9, range ZT 3.6-6.2; onesample second-order Hotelling test F = 138.9, P < 0.001), and widely dispersed phase preferences were observed under FR, all timed during the second half of the dark phase (acrophase at ZT 21.5, range ZT 12.0-ZT 2.3; one-sample second-order Hotelling test, F = 14.9, P < 0.001).
The amplitude of the mean curve was estimated using the magnitude (r) of the mean vector. There was a strong effect of "feeding schedule" (F1,17 = 56.54, P < 0.001) and a significant interaction effect for "feeding schedule" and "sleep-wake state" on r in the corresponding two-way rmANOVA (F2,28 = 4.76, P = 0.031; Figure 4) . Each state showed a significant decrease in amplitude under FR, most notably wakefulness (0.231 to 0.085, paired t-test, P < 0.001) and NREM sleep (0.254 to 0.069, paired t-test, P < 0.001). The amplitude of the mean curve for REM sleep also dropped significantly under FR (0.314 to 0.206, paired t-test, P < 0.001) but remained higher than those for wakefulness or NREM sleep (post hoc Holm-Bonferronicorrected paired t-test, P < 0.05). Figure 5 provides a closer look at the interval preceding the scheduled feeding window under FR (ZT 0-ZT 4). Compared to BL conditions, the temporal pattern adopted by each of the states and the REM/TST ratio under FR conditions exhibited a characteristic reconfiguration (rmANOVA for "zeitgeber time"*"feeding schedule" interaction, wakefulness: F4,68 = 8.21, P < 0.001; NREM sleep: F4,68 = 8.21, P < 0.001; REM sleep F4,68 = 11.3, P < 0.0001; and REM/TST: F4,68 = 9.99, P < 0.001). A food-anticipatory wakefulness interval under FR was demonstrated as a monotonic increase in wakefulness starting at ZT 2. As compared to BL, there was an 43.8% increment of wakefulness during the ZT 2-ZT 4 interval (paired t-test, P < 0.001). The food-anticipatory wakefulness interval (ZT 2-ZT 4) occurred at the expense of 28.1% and 51.5% decreases in NREM sleep (BL vs. FR, paired t-test, P = 0.003) and REM sleep (BL vs. FR, paired t-test, P < 0.001), respectively. The decreasing trend for NREM sleep observed during the ZT 2-ZT 4 interval mirrored that of wakefulness, with the amount of NREM-sleep at ZT 4 dropping to 52.1% of the amount at ZT 0 (P < 0.001, Holm-Bonferroni-corrected paired t-test) under FR conditions. There was a disproportionately higher loss of REM sleep during the ZT 3-ZT 4 interval, resulting in a cumulative 65.9% debt (BL vs. FR, paired t-test, P < 0.001). The selective REM sleep loss is reflected in the drop in REM/TST ratio at ZT 3-ZT 4 (13.1% vs. 6.0% under BL and FR conditions, respectively, paired t-test, P = 0.003).
Sleep-Wake Cycle States during the Food-Anticipatory Activity Interval
REM Sleep Propensity Parameters under Steady-State Food Entrainment
A direct consequence of the FR protocol was the negative balance of diurnal REM sleep vs. BL that progressed throughout the light phase ( Figure 6 ). REM sleep debt increased monotonically during the feeding window and reached its maximum at ZT 11 (one-way rmANOVA for factor "zeitgeber time," F23 = 26.8, P < 0.001). A gradual return to baseline levels of cumulative REM sleep by ZT 17 was observed during the dark phase. The buildup of REM sleep debt occurred within the 6-h interval that started at ZT 3 and included the foodanticipatory wake interval and the entire scheduled feeding window. REM sleep debt amounted to 21.1 min at ZT 9, corresponding to 59.4% of the REM sleep accumulated under BL conditions at the corresponding zeitgeber time (paired t-test, P < 0.001). The REM/ TST ratio was lower during FR vs. BL throughout most of the ZT 3-ZT 10 period, with the situation partially reversed during the dark phase at ZT 13, ZT 17, and ZT 22 (rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F23,362 = 6.86, P < 0.001, Figure 6 ). The decreased REM/ TST ratio was associated with a significant decrease in the transition index during the light phase, in particular during the ZT 1-ZT 8 interval under FR conditions (rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F11,182 = 9.00, P < 0.001, Figure 6 ). During the dark phase, the transition index increased by an average of 0.20 vs. BL (paired t test, P = 0.024). There were no significant differences for consolidation rate between BL and FR conditions (rmANOVA for factors "zeitgeber time," "feeding schedule," or interaction). Figure 7 presents data for 8 animals that completed at least 9 days of data recording after a 3-h phase advance of the scheduled feeding window, from ZT 5-8:59 (FR condition) to ZT 2-5:59 (A-FR condition). A significant reduction of total time in wakefulness was observed under A-FR vs. BL conditions (646.6 vs. 719.3 minutes, respectively, Holm-Bonferroni-corrected paired t-test, P = 0.011; oneway rmANOVA for factor "feeding schedule", wakefulness: F2,14 = 23.46, P < 0.001) but no significant changes were observed for NREM (670.2 vs. 613.5, P = 0.096) or REM sleep (122.8 vs. 98.4, P = 0.131).
Sleep-Wake Cycle States after a Phase Advance of the FoodRestriction Protocol
When compared to BL (Figure 7A ), the advanced feeding schedule had a strong effect on the mean curves of the sleepwake states (two-way rmANOVA for "zeitgeber time"*"feeding schedule" interaction, wakefulness: F23,161 = 16.29, P < 0.001; NREM sleep F23,161 = 15.82, P < 0.001; REM sleep: F23,161 = 11.26, P < 0.001). As observed for the FR condition ( Figure 3A) , a foodanticipatory wakefulness interval associated with significant reductions in NREM and REM sleep is evident under A-FR vs. BL conditions at ZT 1. There were also significant differences in mean angle under BL and A-FR conditions for wakefulness (ZT 17.7 vs. ZT 2.6, parametric test for paired samples of angles, F = 56.7, P < 0.0005, n = 8) and REM sleep (ZT 7.1 vs. ZT 15.3, parametric test for paired samples of angles, F = 30.3, P < 0.001, n = 8). The mean angle for NREM sleep under the A-FR condition was not significant (one-sample second-order Hotelling test, F = 0.82, P > 0.05), and the BL mean angle was ZT 5.5 ( Figure 7B ).
Coupling of the Sleep-Wake Cycle to the Feeding Schedule
When aligned according to feeding time (FT), there was a close match between FR and A-FR for the mean curves by state ( Figure 8A) , with minor and sporadic differences (twoway rmANOVA interaction of factors "feeding time" and "feeding schedule"; wakefulness: 
NREM Sleep Slow Wave Activity under FR and after A-FR
Mean curves of normalized NREM sleep EEG delta power density were obtained for BL, FR, and A-FR conditions. Only consolidated (> 2-min) NREM sleep episodes were included for statistical analysis. Mean curve profiles were compared by photic zeitgeber time (two-way rmANOVA for "zeitgeber time"*"feeding schedule" interaction, F46,313 = 6.6, P = 0.006). Normalized NREM sleep EEG delta power densities under A-FR displayed similar profiles to those obtained under FR, advanced by 3 h. Under both FR and A-FR, there was a drastic reduction in the normalized NREM sleep EEG delta density prior to the feeding window with an immediate increase after food delivery ( Figure 9A ). In Figure 9B , the mean curves for normalized NREM sleep delta power under FR and A-FR were superimposed according to feeding time, and no significant differences were detected (two-way rmANOVA for "feeding time"*"feeding schedule" interaction, F23,157 = 0.99, P = 0.426).
To further analyze the dynamics of NREM sleep EEG delta power density, we explored the build-up of NREM sleep delta Hourly averages (± SEM, n = 18 rats) of time in each state and REM/TST ratio during the ZT 0-ZT 4 interval under baseline (cyan symbols) and food restriction (reddish symbols) conditions. Numbers associated with the curves identify the zeitgeber time vs. which current value exhibits significant differences within the experimental condition (post hoc paired t-test indicating a significant difference according to Holm-Bonferroni correction, after significant rmANOVA). * = P < 0.01 paired t-test between conditions at the corresponding zeitgeber time.
cycle, with a notorious dampening during the food anticipatory arousal interval (ZT 2-4).
DISCUSSION
The food restriction protocol we chose was in line with the bulk of reports on food entrainment in rats. 13 Data show that rats subjected to scheduled FR can anticipate a daily meal at any time of day 31 ; nevertheless, most studies on food entrainment have been performed by restricting food during the rest phase (the light phase, for nocturnal species) when the activity bout associated with food anticipation can be unequivocally detected. In our study, the sleep-wake cycle was analyzed before and after steady-state food entrainment and after resynchronization to a phase advance of the feeding schedule.
Food Entrainment and Anticipation of Arousal
The FAA phenomenon is the accepted marker of the FEO 11 and has been measured by several procedures including wheel-running, locomotor activity, body temperature, and lever pressing. 12, 31 In our design, activity was measured by means of nuchal electromyogram (EMG). We also obtained continuous polysomnographic recordings in seven animals throughout the BL and FR periods. FAA was estimated by visual inspection of the EMG epochs, depicted in individual raster plots. The whole sample completed the experiment and showed gradual and consistent anticipatory EMG activity increases during the first week of the FR protocol ( Figure  1A) . The temporal profile of EMG activity obtained under FR ( Figure 1D ) closely parallels that of wakefulness with a robust anticipatory interval observed during the second week of scheduled FR (Figure 3) . A detailed analysis within feeding condition demonstrate that in coincidence with the monotonic increase in wakefulness and NREM sleep decrease, there was a 2-hour interval of selective suppression of REM sleep as evidenced by the reduction in REM/ TST ratio ( Figure 5) . Coincidently, the probability of NREM-to-REM sleep transitions ( Figure 6 ) and normalized NREM sleep EEG slow wave activity was also affected prior to scheduled feeding ( Figure  9 and Figure 10 ).
Documented sleep-and waking-state anticipatory phenomena associated with food entrainment in the rat are scarce and difficult to interpret. Sleep studies under FR protocols in rats have been performed by means of 12-hour meal intervals. [32] [33] [34] In one report, the experimental procedure consisted of simultaneous food and water restriction, with a finding of increased wakefulness one hour prior to the diurnal meal interval. 33 In this case, the results may be influenced by complex interactions between factors for which the experiments did not control, given that factors such as water deprivation may directly affect the sleep-wake state profiles. 35 One obstacle to interpreting food entrainment results obtained under 12:12 eatfast cycles is that this protocol is considered a weak zeitgeber, as it fails to produce FAA. 36 In fact, none of the above-mentioned reports documented the presence of FAA.
Our results are consistent with anticipatory polysomnographic phenomena observed in mice subjected to effective food entrainment. When four-hour meals were timed during the light phase, reduced REM sleep expression one hour prior to diurnal meal timing has been reported. 37, 38 Similarly, suppression of NREM sleep delta activity occurs several hours prior to the diurnal meal. 38 The similarity of neurophysiological phenomena observed in our rats and those documented in mouse experiments suggests that, at least within murid species, there is a common neurobiological substrate for the output that couples the FEO to sleep-wake state generators and sustains the FAA. The FAA appears to be the expression of a complex anticipatory arousal process that, along with stimulating active wakefulness, involves the interference of NREM-to-REM sleep transitions and the occurrence of the deepest stages of NREM sleep.
Phase Preference of the Sleep-Wake Cycle States under Food Entrainment
With respect to baseline, minor deviations were observed in the mean curves of the sleep-wake cycle under FR before the emergence of FAA (Figure 2A ). Polysomnographic data obtained during days 2-4 after beginning the FR showed mostly reactive increases in wakefulness related to food delivery and removal, at ZT 5 and ZT 8, respectively. Circular statistics demonstrate no significant changes in the acrophases of wakefulness and NREM sleep ( Figure 2B ). Individual REM sleep acrophases exhibit high dispersion and loss of a significant mean vector, reflecting the uncoordinated increase in nocturnal REM sleep observed within the sample ( Figure 2B ). Moderate increases in nocturnal REM sleep have been reported in rats recorded during a short-term protocol of meals restricted to the light phase, without a defined phase preference according to cosinor rhythmometry. 34 Increases in nocturnal REM sleep several days prior to the emergence of FAA have been also observed in mice. 38 Early adjustments of the REM sleep phase preference, before the emergence of the FAA, may reflect the asynchronous coupling of several physiologic processes to the FEO, as has been also observed for peripheral oscillators. 39, 40 There is a clear effect of food entrainment on the temporal profiles and mean angles of sleep-wake states after one week of FR (Figure 3) . The most notable effects were the food-anticipatory arousal interval, the nocturnal transposition of REM sleep, and the dampening of the 24-hour modulation of the states vs. BL. There was an important decrease in the magnitude of the acrophase vectors of wakefulness and NREM sleep, with 63.3% and 70.0% reductions, respectively, in contrast to the moderate 34.5% decrease in REM sleep (Figure 4) . The displacement of the wakefulness mean angle to the light phase is fueled by the diurnal activity related to food anticipation and feeding, with the NREM sleep mean angle mirroring that of wakefulness. Circular statistics demonstrate a 9.9-h clockwise displacement in the phase preference of REM sleep under steady-state food entrainment (Figure 3) . Our results are in line with long-term FR experiments that reported decreased amplitudes for wakefulness and NREM sleep modulation and increased nocturnal REM sleep when meals were restricted to the light phase. 32, 41, 42 Coupling of the Sleep-Wake Cycle to the FEO After achieving stable food entrainment under FR, we shifted the feeding window from ZT 5-8 (FR) to ZT 2-5 (A-FR). Once rats were re-entrained to the advanced feeding schedule, it was apparent that the sleep-wake cycle profile observed under A-FR was advanced by three hours vs. FR (Figure 3 and 7 ). When aligned according to feeding time, there was a close match between FR and A-FR for wakefulness, NREM sleep and REM sleep mean curves. In particular, food-anticipatory arousal phenomena, such as the increase in wakefulness that mirrors the monotonic decrease in NREM sleep along with suppression of REM sleep ( Figure 8A ), and the relative dampening of NREM sleep delta-wave activity, remains strongly phaselocked to feeding time ( Figure 9B ). To further document the coupling process between FEO and the sleep-wake cycle, we estimated the phase relationship between the eat-fast cycle and the acrophase of the states. When aligned according to feeding time, no significant differences were observed for wakefulness or REM sleep acrophases under FR vs. A-FR ( Figure 8B ), supporting that a stable phase relationship between the eat-fast cycle and the timing of sleep-wake states is established when meals are circumscribed to the first half of the light phase.
REM Sleep Propensity under Food Entrainment
Apparent REM sleep debt under FR increased during the whole light phase and returned to baseline values during the night ( Figure 6 ). There was an absolute shortage of 21.1 minutes of REM sleep vs. BL between ZT 3 and ZT 8, equivalent to nearly four hours of REM sleep deprivation. As the daily quota of REM sleep was unaffected, it could be hypothesized that the observed nocturnal phase preference for REM sleep under FR is the result of homeostatic compensation of the state, where the forced intrusion of wakefulness occurring prior to and simultaneously with the diurnal feeding window depletes diurnal REM sleep, triggering a compensatory nocturnal REM sleep rebound.
Our results, however, do not support a homeostatic explanation for the observed nocturnal phase preference of REM sleep, as propensity parameters did not parallel the buildup of apparent REM sleep debt under FR. The transition index remained below BL values during the entire light phase, including the time when apparent REM sleep debt was maximal, at ZT 10-11 ( Figure 6 ). The observed diurnal increase in apparent REM sleep debt would also affect the REM/ TST ratio, as increased REM sleep pressure favors the overrepresentation of REM sleep within sleep episodes. 43 As observed in Figure  6 , the REM/ TST ratio was reduced vs. BL during the light phase and modestly increased three hours after REM sleep debt reached its maximum (ZT 13). Increased REM sleep propensity due to sleep deprivation has been also reported to increase the consolidation of REM sleep episodes, reflected in an increased consolidation rate. 24 As depicted in Figure 6 , the consolidation rate of REM sleep episodes was unaffected when compared to BL throughout the light-dark cycle.
We propose that the most parsimonious interpretation of our data is that under food entrainment, the timing of REM sleep is coupled to the output of the FEO, which assigns a minimal quota for the state in coincidence with the expected meal interval, and a major portion of REM sleep is displaced in phase opposition vs. the food-anticipatory arousal interval as indicated by the estimated REM sleep acrophase when aligned according to feeding time (Figure 8 ). The lack of detectable homeostatic response occurring during the light phase under FR is equivalent to the absence of a REM sleep rebound in response to selective REM sleep deprivation observed in humans, 44 rats, 45 and degus, 30 when selective REM sleep deprivation is timed during the active phase.
EEG Delta Activity under Food Entrainment
The dependence of NREM sleep EEG delta power on previous wakefulness and sleep history has been thoroughly documented and modeled in humans 21, 46 and other mammalian species, including the rat. 22, 47 Excluding pharmacological or specific environmental interventions (reviewed for rats in 22 ), the expression of NREM sleep EEG delta activity rises progressively as a function of waking time, and decreases during sustained NREM sleep episodes, a phenomenon that has been attributed to an underlying wake-NREM sleep dependent hourglass or homeostatic process. 21, [46] [47] [48] The NREM sleep delta EEG data presented in this report were normalized by means of a z-score procedure, applied on daily basis. This means that caution should be taken when comparing BL, FR and A-FR spectral values as they reflect the relative activity within feeding condition. The prolonged intervals of wakefulness that we observed during the food-anticipatory arousal interval would allow us to predict a relative increase in EEG delta activity in NREM sleep episodes occurring during this period. In contrast, our rats exhibited a paradoxical dampening of normalized NREM sleep EEG slow-wave density in anticipation to scheduled meals ( Figure 9A) .
The relative dampening of NREM sleep EEG delta power appears to be phase locked to the zeitgeber food, as was observed under FR and A-FR protocols when NREM sleep EEG delta activity was aligned to feeding time ( Figure 9B ), suggesting that NREM sleep EEG delta activity is under the modulation of the output of the food entrained circadian system. Evidences of a weak interaction between circadian modulation of NREM sleep EEG delta activity have been obtained in humans [48] [49] [50] and animal models (mice, 51 rats, [52] [53] [54] and degus 55 ), when the dominating circadian output is supposed to be coupled to the hypothalamic LEO. 9, 18, 21 An accurate description of the NREM sleep homeostatic process in the rat was proposed by Deboer.
